The authors studied the thermoelectric properties of LaPdBi and GdPdBi half-Heusler compounds. Polycrystalline samples were prepared by a spark plasma sintering (SPS) technique, and their thermoelectric properties were measured above room temperature. The electrical resistivities of both samples show a semiconductor like behavior and are on the order of 10 À6 m. The estimated band gap energies of LaPdBi and GdPdBi are 0.05 and 0.07 eV, respectively. The values of the thermoelectric power are positive and decrease with increasing temperature. The thermal conductivities increase with increasing temperature because of the increase of the carrier contribution to the thermal conductivity.
Introduction
The half-Heusler compounds crystallize in a cubic MgAgAs-type structure with space group F4=3m (No. 216). The half-Heusler compounds with 18 valence electrons per unit cell indicate a large thermoelectric power because of the existence of the narrow gap and sharp slope of the density of states around the Fermi level. The substitution in each site is very useful for improvement of thermoelectric properties, because the position of the Fermi level in the gap can be controlled and the lattice thermal conductivity reduces due to enhancement of the phonon scattering. Since the half-Heusler compounds with 18 valence electrons have the narrow band gap near the Fermi level and show the large thermoelectric power, (Ti, Zr, Hf)NiSn, [1] [2] [3] [4] [5] [6] [7] (Ti, Zr, Hf)CoSb [8] [9] [10] [11] and other half-Heusler compounds have been studied as advanced thermoelectric materials. Although high performance n-type materials in the half-Heusler compounds have been reported, 4, 6) such p-type thermoelectric materials have been scarcely reported.
Recently, the thermoelectric properties below room temperature on the half-Heusler compounds LnPdSb (Ln ¼ Y, Ho, Er) and LnPdBi (Ln ¼ Nd, Y, Dy, Ho, Er) have been reported. 12, 13) Before these reports, (Dy, Ho, Er)PdSb 14) and (La, Nd, Gd, Dy, Er, Lu)PdBi 3) systems were reported. These compounds indicate a positive thermoelectric power. In the above-mentioned reports, Cook et al. pointed out a correlation between the thermoelectric power and number of unpaired 4f electrons on LnPdBi except for LaPdBi, but the origins of the correlation are still unknown.
3) And also, they reported high power factors of LaPdBi (2:77 Â 10 À3 W/ K 2 m) and GdPdBi (3:85 Â 10 À3 W/K 2 m) at room temperature.
3) Mastronardi et al. have measured the thermoelectric properties on the samples of the different nominal compositions on (Dy, Ho, Er)PdSb. 14) They have found that the samples with the Sb-rich nominal compositions show the large electrical resistivity and thermoelectric power, while those with the Pd-rich nominal compositions show the small electrical resistivity and thermoelectric power. Similar characteristics have been reported on n-type half-Heusler compounds such as TiCoSb. 9) We have reported the thermoelectric properties of p-type half-Heusler compounds ErPdSb and ErPdBi, 15) and p-type hexagonal compounds LaPdSb and GdPdSb. 16) As mentioned above, LaPdBi and GdPdBi show high power factors at room temperature, 3) but high temperature data have not been reported. In this paper, we report on the thermoelectric properties of LaPdBi and GdPdBi at high temperature.
Experiment
Ingots of LaPdBi and GdPdBi were made by an arc melting technique from the appropriate quantities of the constituent elements under an Ar atmosphere. The purity values of the starting materials were 99.9% for La, Gd, Bi and >99:9% for Pd. The weights of the samples decreased after the first arc melting. Therefore, the arc melting was carried out again after compensating for the loss of Bi. All the ingots were remelted at least five times in order to homogenize them. The samples were then sealed in quartz ampoules under a vacuum and annealed at 1173 K for 1 week. All the samples were crushed to powders less than 75 mm, followed by given a spark plasma sintering (SPS). The SPS were carried out at 1326-1373 K under 50 MPa under an Ar flow atmosphere. On LaPdBi and GdPdBi, the SPS was stopped at 1373 and 1326 K without keeping time, respectively. Finally, the experimental samples were obtained after annealing again at 1173 K for 1 week under vacuum.
To examine the sample purity and determine the lattice parameter, the X-ray diffraction data were collected on a diffractometer on RINT2000 (Rigaku) with Cu K radiation in air at room temperature. In the temperature range from 298 to 1000 K, the linear thermal expansion coefficient was evaluated using a dilatometer on TD5020SA (Bruker AXS) under an Ar flow atmosphere. The longitudinal and shear sound velocities were measured by an ultrasonic pulse-echo method (NIHON MATECH Echometer 1062) at room temperature in air. The experimental samples were bonded * Graduate Student, Osaka University From the sound velocities, the Debye temperature, Young's modulus and bulk compressibility were evaluated. The electrical resistivity and thermoelectric power S were measured by a four-probe dc method using the ZEM-1 apparatus (ULVAC Co. Ltd.) with a temperature gradient of ca. 5 K under a He atmosphere. The thermal conductivity was calculated from the heat capacity, thermal diffusivity and sample density. The heat capacity was calculated from the Debye temperature, linear thermal expansion coefficient and bulk compressibility. The thermal diffusivity was measured by a laser flash technique on TC-7000 (ULVAC) in vacuum from 323 to 1000 K. The density was measured at room temperature.
Results and Discussion
The powder X-ray diffraction patterns for LaPdBi and GdPdBi from 20 to 90 are shown in Fig. 1 . All the samples were identified as a cubic phase but contain a small amount of unidentified impurity phases. The lattice parameters of LaPdBi and GdPdBi are 0.6871 and 0.6683 nm, respectively. These values are different from the literature data of LaPdBi (0.6825 nm 17) ) and GdPdBi (0.6698 nm 18) ). The sample density of LaPdBi and GdPdBi are 9.15 g/cm 3 and 10.39 g/cm 3 , respectively. The thermal expansions ÁL=L 0 of LaPdBi and GdPdBi are shown in Fig. 2 . The thermal expansion of LaPdBi has an anomaly at 955 K, probably indicating that some sort of phase segregation occurs at this temperature. The average linear thermal expansion coefficients l of LaPdBi and GdPdBi are approximately 1:31 Â 10 À5 and 1:20 Â 10 À5 K À1 , respectively. The average l becomes small in the order of LaPdBi, GdPdBi, ErPdBi.
15)
The thermophysical properties (longitudinal sound velocity V L , shear sound velocity V S , Debye temperature D , bulk compressibility and Young's modulus E) of LaPdBi and GdPdBi are summarized in Table 1 . Debye temperature D , Young's modulus E and bulk compressibility were calculated by the following equations:
where h is the Plank's constant, k B is the Boltzmann constant, N is the number of atoms in the unit cell, V C is the unit cell volume, and d is the sample density. The electrical resistivities of LaPdBi and GdPdBi are shown in Fig. 3 . The of all samples decrease with increasing temperature, indicating semiconductor-like characteristics. The of LaPdBi increases above 800 K. This anomaly of the may be related to the anomaly observed in the l . The value of LaPdBi is 6:0 Â 10 À6 m at room temperature, which is lower than the literature value reported by Cook et al. (1:0 Â 10 À5 m).
3) The value of GdPdBi is 1:0 Â 10 À5 m at room temperature, which is higher than the literature value reported by Cook et al. 3) In the insets of Fig. 3 , we show the results of the ln À 1=T plots. In the temperature range indicating the semiconductor-like behavior, the band gap energy E g was estimated from the linear slope E g =2k B of the fitting line. The E g values of LaPdBi and GdPdBi are 0.05 and 0.07 eV, respectively. LaPdBi and GdPdBi indicate the small E g less than 0.1 eV, which is well consistent with the literature data reported by Cook et al.
3)
The thermoelectric powers S of LaPdBi and GdPdBi are shown in Fig. 4 . The positive values of S indicate p-type materials. It is considered that the decrease of S at high temperatures is due to the increase of carriers by thermal excitation. The magnitude of S is associated with those of the E g . The S values of LaPdBi and GdPdBi at room temperature are 67.8 and 94.3 mV/K, respectively. These values are rather small compared to 166.4 for LaPdBi and 138.8 mV/K for GdPdBi reported by Cook et al.
3) The difference of the S between the experimental and literature values is probably due to the deviation from the stoichiometric composition and/or the existence of unidentified impurity phases. The S of LaPdBi rapidly decreases above about 800 K, which may be related to the anomalies observed in the l and . The power factors S 2 = of LaPdBi and GdPdBi are shown in Fig. 5 . The maximum values of the power factor on LaPdBi and GdPdBi are 0:90 Â 10 À3 W/K 2 m at 468 K and 0:91 Â 10 À3 W/K 2 m at 420 K, respectively. The heat capacity C P can be estimated from the following equation:
where n is the number of atoms per formula unit, R is the gas constant 8.314 J/mol K, x ¼ h " !=k B T is a dimensionless quantity, h " is the reduced Plank's constant, ! is the phonon frequency, and V m is the molar volume. In eq. (4), the first and second terms on the right-hand side represent the specific heat at constant volume C v and the lattice dilational term C d . In estimating C v and C d , the room temperature values of D , and V m (molar volume) and the average value of l were used. The electronic specific heat capacity C el is neglected in the present case. The thermal diffusivities D and thermal conductivities of LaPdBi and GdPdBi are shown in Figures 6(a) and (b) , respectively. The thermal conductivity is calculated from the sample density d, heat capacity C P and thermal diffusivity D:
The of LaPdBi is almost the same as that of GdPdBi below 800 K. The of LaPdBi increases with increasing temperature below 850 K, but decreases above 850 K. This anomaly temperature corresponds to those of the anomalies observed in the l , and S. The of GdPdBi monotonically increases with increasing temperature. As shown in Fig. 6(b) , the increase of is due to the carrier contribution C to the thermal conductivity. The lattice thermal conductivity L was estimated by subtracting the carrier contribution C from the total thermal conductivity . The C was roughly estimated using the Wiedemann-Franz law:
The L of LaPdBi (2.9 W/Km) is smaller than that of GdPdBi (3.5 W/Km) at room temperature, which is well consistent with the magnitude of D (206 K for LaPdBi and 221 K for GdPdBi).
The dimensionless figure of merit ZT of LaPdBi and GdPdBi are shown in Fig. 7 . The maximum ZT values of LaPdBi and GdPdBi are 0.085 at 615 K and 0.084 at 469 K, respectively.
Summary
Polycrystalline samples of half-Heusler type LaPdBi and GdPdBi were prepared by the SPS technique, and the thermoelectric and thermophysical properties were evaluated above room temperature. The electrical resistivity and thermoelectric power of LaPdBi and GdPdBi show semiconductor-like behavior. The differences of the electrical resistivity and thermoelectric power between LaPdBi and GdPdBi are caused by the difference of the E g . The maximum values of the power factors of LaPdBi and GdPdBi are about 0:9 Â 10 À3 W/K 2 m. The of both compounds increase with increasing temperature, indicating that the electronic thermal conductivity is predominant. The maximum values of the ZT are 0.085 at 615 K for LaPdBi and 0.084 at 469 K for GdPdBi. 
